Avalanche p-i-n photodiodes were fabricated on AlN templates for back illumination. Structures with different intrinsic layer thicknesses were tested. A critical electric field of 2.73 MV/ cm was estimated from the variation of the breakdown voltage with thickness. From the device response under back and front illumination and the consequent selective injection of holes and electrons in the junction, ionization coefficients were obtained for GaN. The hole ionization coefficient was found to be higher than the electron ionization coefficient as predicted by theory. Excess multiplication noise factors were also calculated for back and front illumination, and indicated a higher noise contribution for electron injection.
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Ultraviolet ͑UV͒ photodetectors find uses in numerous applications in the defense, commercial, and scientific arenas. GaN avalanche photodiodes ͑APDs͒ present themselves as particularly strong candidates for reliable UV detection especially where there is a need for single-photon counting capabilities. 1 However, numerous material-, fabrication-, technology-, and design-related issues remain before GaN APDs can be commercialized.
Recently, there have been several groups reporting the development and characterization of front-illuminated GaN and AlGaN APDs. [1] [2] [3] [4] In these devices, front illumination yields multiplication dominated by electron-initiated ionization, since high-quality III-nitride growth typically requires that p layers are grown at the top of p-n and p-i-n structures. However, theory has predicted a significantly higher hole ionization coefficient, 5 and hence higher multiplication factors and lower excess noise are expected for backilluminated GaN p-i-n diodes, contrary to most other III-V semiconductors. Back illumination also allows easier integration and packaging layouts through flip-chip technology as required for the production of APD arrays. 6 However, although a few works have assessed back illumination in AlGaN APDs, 7, 8 none have done so in GaN APDs. The main issues for UV back-illuminated GaN APDs are the limitation of absorption in the GaN below the active region and the problem of the interface quality between the GaN device structure and the transparent template layer. In this work, we report on the growth, fabrication, and characterization of back-illuminated GaN APDs on thick AlN templates. Comparison of the performance of these same devices under front and back illumination allows us to reach a better understanding of carrier multiplication in this material and to determine experimentally both electron and hole ionization coefficients.
p-i-n samples were grown in an Aixtron 200/ 4-HT metal-organic chemical vapor deposition reactor on doubleside polished sapphire substrates. The template consists of 500 nm of high-quality AlN grown by atomic layer epitaxy atop a 20 nm low-temperature AlN nucleation layer, similar to that discussed in our previous papers. 9 The p-and n-GaN layers consist of Mg-and Si-doped GaN, respectively, while the intrinsic region consists of unintentionally doped GaN. Twelve samples were grown. Layer thicknesses ranged from 100 to 640 nm for the p-type region and from 100 to 400 nm for the n-type region; the thickness of the intrinsic layer was varied from 0 to 200 nm.
Carrier concentrations in these layers were estimated by Hall-effect measurement of test samples, yielding values in the 10 16 range for the electron concentration in the intrinsic layer, ͑1-3͒ ϫ 10 18 cm 3 for the hole concentration in the p-GaN layer, and ͑1-2͒ ϫ 10 18 cm 3 for the electron concentration in the n-GaN. Each device has an area of 25 ϫ 25 m 2 defined by squared mesas, which form a twodimensional array of 320ϫ 256 detectors surrounded by a single common Ohmic Ti/ Au ͑400 Å / 1200 Å͒ n-type contact. A 15ϫ 15 m 2 thin Ni/ Au ͑30 Å/30 Å͒ p-type contact was evaporated on top of the mesas, annealed, and then followed by a thick Ti/ Au ͑400 Å / 1200 Å͒ top contact. Devices were passivated with 300 nm of SiO 2 and 10ϫ 10 m 2 windows were opened. Current-voltage ͑I-V͒ measurements were performed on the p-i-n diodes, and the breakdown characteristics were observed to vary as a function of the different layer thicknesses. Two illustrative I-V characteristics under reverse bias are shown in Fig. 1 for samples A ͑p-100 nm/ i-200 nm/ n-100 nm/ AlN͒ and B ͑p-285 nm/ i-150 nm/ n-400 nm/ AlN͒. Breakdown voltage ͑V bd ͒ reduced from 102 V for sample A to 78 V for sample B, as a consequence of the narrower intrinsic region. The inset of Fig. 1 shows V bd as a function of i-region thickness for all the samples under study. From fitting the data with a simple abrupt junction model ͑assuming the potential is dropped across the intrinsic region͒, a critical electric field of 2.73 MV/ cm is obtained; this is close to the previous values reported in the literature. 10, 11 No significant variations of the breakdown voltages were observed with the thickness of the p-type or n-type layers. Sample C ͑p-285 nm/ i-150 nm/ n-400 nm/ GaN : Si/ GaN͒ was grown at the same time as sample B; however, instead of an AlN template, a GaN : Si/ GaN ͑2 m/1 m͒ template was used. It makes the effective thickness of the n-GaN layer 2400 nm. Despite this modification, it is shown that the breakdown voltage remains the same.
The series resistance of the diodes was calculated from the I-V characteristic under forward bias. Values between 465 and 3150 ⍀ were found for samples grown on AlN templates while the same structures grown on GaN : Si/ GaN exhibited values between 29 and 190 ⍀. The series resistance is dominated by the thickness of the n-GaN layer, increasing linearly with the inverse of it. This indicates that the conduction along the n-GaN / AlN interface is not a significant contribution for back-illuminated avalanche photodiodes.
The steepness of the avalanche characteristic is affected by the high series resistance created by thin n-GaN layers, and becomes softer. However, at the current levels obtained at the onset of breakdown, the effect of the series resistance is small, affecting the breakdown voltage by less than 1 V. This is shown in Fig. 1 , in which the device with the thinnest n-GaN layer ͑sample A͒ presents a less abrupt breakdown characteristic. This effect is a handicap for the fabrication of devices operating in Geiger mode but at the same time helps keep moderate levels of dark current above breakdown and provides a higher stability for operation in linear mode. Dark current of sample A was monitored during more than 60 h of continuous operation 2 V above the breakdown voltage, finding a standard deviation of only 6%.
Photocurrent measurements of samples A and B were performed under back and front illumination with a 244 nm laser ͑optical power= 102 W / cm 2 ͒. Shadowing effects of the metal contacts and probes cannot assure the same incident power for both illumination procedures; however, this is only a minor source of error for the gain of these devices. Both configurations allowed us to inject holes or electrons selectively into the active region to initiate the multiplication process. Multiplication factors were calculated from these measurements. Effects of the space-charge region spreading with voltage were taken into account by using a one-dimensional finite element model 12 of the device, which allowed us to fit the response at low voltages and to establish the photocurrent value corresponding to M = 1. As observed in Fig. 2 , back illumination provides higher gain than front illumination for both samples. The same result was obtained in all the p-i-n samples tested, regardless of the structure. Ionization events start at voltages above 50 V for holes and 70 V for electrons in sample A, and 35 and 65 V, respectively, in sample B. This agrees with the higher hole ionization coefficient that theory predicts, and which points to hole-initiated multiplication as a more beneficial concept in GaN. 5 The ionization coefficients for holes ͑␤ p ͒ and electrons ͑␣ n ͒ were calculated from the multiplication factors for electrons ͑M n ͒ and holes ͑M p ͒ as and plotted in Fig. 3 assuming that the electric field ͑E͒ is constant across the i region ͑W͒ and equal to E = V / W. 13 In addition, noise measurements were carried out on samples A and B under darkness and front and back illumination with a Xe lamp filtered at 340 nm ͑11 W/m 2 ͒. The signal from the detector was amplified with a low noise transimpedance amplifier with 1 ϫ 10 7 V / A before analysis using a fast Fourier transform spectrum analyzer with a 100 kHz bandwidth. The noise floor of the system was in the 10 −27 A 2 / Hz range. Results for sample A under back illumination are shown in Fig. 4 . It is noticeable that at low frequencies 1 / f noise dominates. Spectral power density ͑S n ͒ for 1 / f noise followed the relationship S n = s 0 I 2 / f ␥ , with average s 0 and ␥ values of 1.4ϫ 10 −9 and ഛ0.33± 0.05, respectively, for sample A. In sample B, ␥ = 1.14± 0.09 and s 0 was at least three orders of magnitude higher, which suggests that the thin n-GaN plays a significant role in noise reduction. The ␥ value obtained for sample A is among the lowest values ever published in GaN. A strong reduction of 1 / f noise has also been observed with thin n-GaN layers in previous works. 14 At the onset of avalanche breakdown, a white noise contribution becomes dominant in the medium frequency range ͑1-30 kHz͒. To identify the origin of that noise, S n was plotted against current for front and back illumination ͑Fig. 5͒. The rapid increase of the noise level with current suggests that it is likely to be excess multiplication noise. The excess noise factor ͑F͒ was calculated from F = S n /2qIM 2 , where q is the electron charge, I is the current under front or back illumination, and M is the multiplication factor ͑inset of Fig.  5͒ . The results show that the excess multiplication noise factor is significantly lower under back illumination, confirming again the higher impact ionization coefficient for holes in GaN. In summary, multiplication and noise characteristics of back-illuminated GaN APDs have been presented and compared with those provided by front illumination. This indicated that the hole initiated multiplication yields gain and noise characteristics with superior performances. The thickness of the n-GaN layer also plays a crucial role in the design of these devices.
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